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INTRODUCTION
miThe following progress report is sulbmitted in ienits as established ill the "ilitial Program Report"

accordance with paragraph ( E), (2) of tilt Prince- are as follows:
ton University Contract N6ori-103 Task Order Ill Phase 2: ro study (1) the characteristics of corn-
with the Office of Naval Research. I)stion in high velocity fuel-oxident, stream ignit-

Phase I of tie Princeton research as outliued ill ability, efficiency, after burning, thrust, etc., (2)
the Project SQUID "Initial l'rogram Report" is effects of su1-atmosplheric pressure, (:3) interactions
covered ill this report. Phases 2 and .3 are presently between ionization and flame, (,1) observation of
sponsored, respectively, by other government con- optical and mass spectra, and (5) theory of adia-
tracts, namely, the Navy Department, Bureau of batic exothermic reaction.
Ordnance NOrd 92,(1 an~d the Office of Naval Re- 'hase 8: To study jet performance and flow of
search N6ori-105 Task Order II, and hence are not gases at high velocities by optical means, inter-
reported here. It is planned that Project SQUID feromneters, schlieren and x-ray analysis, and an
will sponsor these tasks completely cr in part ill the explanation of tile fundamental phenomena oh-
near future, and at such time they will be included served.
in the SQUID Progress reports. Tlhe problem assign-

SUMMARY
The first problem to be undertaken by the Prince- supply system capable of supplying up to 150,000

ton Aeronautical Laboratory under Contract No. cubic feet of "free" air at pressures raging from
N6ori-105 is a study of the interaction of boundarv apploximately 30 psi to 500 psi (absolute).
layer and shock waves over the rear of airfoils and Because of its flexibility, the air supply system
bodies of revolution at supersonic Mach numbers can be employed in experimental investigations of a
over a wide range of Reynolds numbers. The pur- large class of fundamental problems in gas d),-
pose of this study is to provide information which namics; e.g., as a source of high pressure air for (1)vili aid ill the aerodynamic dcvgn of liquid-fuel tie study of hpesonie (\,cry high Mach nmber)

rockets and pulse jets. flows, (2) transonic flows (induced flow, or injec-
The experimental study wvill be concerned at first tion-f) pe wind tunnel), (3) stationary flame experi-

with the high Reynolds number range (fromn two ments and studies of combustion phenomena. These
to fort)' million) for a series of Mach numbers possibilities will be thoroughly investigated after
varying from 1.5 to 5.0. This wide range of condi- the first phase of the study of supersonic flows is
tions will be obtained in a supersonic "blow-down" completed.
tunnel which is operated by a high pressure air

PHASE ASSIGNMENT
In connection with liquid rockets and pulsating with the external flow field at supersonic velocity

jet engines: to investigate theoretically and experi- and the effect of pressure distributions on bodies
mentally (1) the stability of the laminar boundary of revolution, airfoils, etc., and (3) interaction of
layer, (2) the interaction of the boundary layer shock waves ill channels and diffusers.

STATEMENT OF THE PROBLEM
Recent experimental investigations of tile inter- action has important effects on tile flow pattern and

action between shock waves and boundary layers in tile pressure distribution at the surface of the air-
the transonic flow over airfoils show that this inter- foil. Boundary layer shock wave interaction is of

1
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equal importance in supersonic flow over the rear (1) tile thickness of tile boundary layer, or more
of airfoils and bodies of revolution. The oblique precisely, the"delection" of the main stream caused
shock wave at or behind the trailing edge of an by the rate of boundary layer thickeiiing (.)86 )x);
airfoil, which returns the flow to parallel, involves and (2) the state of the boundary layer, whether
a pressure "jump" in the supersonic stream, which laminar or turbulent. Most of the studies of super-
is communicated as a continuous pressure rise sonic flow over airfoils and bodies of revolution
through the subsonic portion of the boundary laver, have been carried out at fairly low Reynolds mn-
The consequent "thickening" of the boundary laver hers ( 10" and less), over a narrow ranlge of Revi-
along the airfoil surface produces a region of coin- olds numbers, or at low supersonic Mach numbers.
pression ahead of the main trailing-edge shock, For this reason, a compreheusive investigation of
and the pressure distribution over the airfoil differs the influence of the boundary layer on supersonic
markedly from the distribution calculated oil the flow and aerodynamic chara'teristics over a wide
assumption of non-viscous supersonic flow. Pre- range of leynolds enubers and Mach numbers is
compression ahead of tile main trailig-edge shock planned for the supersonic research group at the
is expected to be particularly marked when a control Princeton Aeronautical Laboratory. The necessitv
surface is deflected, and calculations of control for such a study is inulicated by thie fact that for a
surface effectiveness based on non-viscous flow may wing of one foot chord, traveling at 3,000 mnp.h,
be too optimistic. the l1enyolds number varies from 28 x 101 at sea

This phenomenon depends on tile shape of the level to 3.9 x 10' at 100.000 feet altitude, and ap-
airfoil, on the strength of the trailing.ed ' shock, proximately 3.5 \ 10' at an altitude of 150,000 feet.
that is, on tihe Mach number and oil tile Reynolds It is hoped that the information obtained will aid
number. The Reynolds number affects two factors: in the aerodynamic design of rockets and pulse jets.

PLAN OF RESEARCH
The study of the effect of Reynolds number at and pressure measurements of the flow over airfoils

high Mach numbers has two complementary phases: and bodies of revolution through a 'ide range of
(1) theoretical investigation of the stability of the Reynolds numbers and supersonic Mach numbers.
laminar boundary layer in supersonic flow and the It is also planned to study shock wave interactions
transition to turbulent flow, and (2) experimental in channels and diffusers.
study by sehlicren and interferometer tclniques

PERSONNEL
ThQ Aeronautical Engineering Department at design, equipment and operation); II. Jerome

Princeton University has assigned the following Shafer (optical apparatus and instrumentation);
personnel to carry out the plan of research under and A. Kahane (theoretical problems). The project
Phase 1: Research Associates S. Bogdonoff (tunnel is uder the direction of Professor L. Lees.

HIGH DENSITY SUPERSONIC BLOW-DOWN WIND TUNNEL
Am SU'PLY SYs'rL. The experimental study will for a large-scale supersonic wind tunel, or for a

be concerned at first with the high Reynolds range small-scale supersonic wind tunnel operating con-
(above 101;) at a series of Mach numbers varying tiluously at a high level of pressure, are such as to
from 2.0 to 5.0. High Reynolds numbers can be ob- recommend tile small-scale "blow-down" tunnel,
tained in a wind tunnel by employing large-scale operated fion a supply of compressed air, as an
models by using a working fluid of lower kinematic attractive alternative. In this system, the considera-
viscosity than air or by maintaining a high air ble power required for the production of a high
density in time test section. The power requirements density supersonic air stream is supplied by ac-
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cumulating compressed air over a fairly long call be shut down by a quick-closing emergency
period of time, and thea releasing this air ill a short %al e located upstrean of tile reduicing val'es.
time internall as a high power supersonic Jet. For According to the manufacturer (Foster Engineer-
example, ill the Princeton high pressure air suppl, illg Company, Newark, N.J.) the two inch reducilg-
systen, two 100 II.P. air compressors require about regulator %alies will operate satisfactorily if the
tell hours to punnp tile system to 3,0t) psi. At a pressure on the "high" side is not less than 7.50 psi
Mach number of 2.0, about 0.60 of the air suppl' when tile pressure on the "low" side is 500 psi. The
will be consumed in .15 seconds, so that tile equih a- usable capacit. of the system as planned is thlus
lent power is about 50,000 II.P. 125,00(1 cu. ft. of "free" ( 15 psi) air (assuning

By employing I bank of reducing-regulator isentropic expansion ill the accumulator bottles),
valves, tile pressure of tile air delik ered to til N% iwnd ,und this air supply can be delil ered at alny pressure
tunnel can be set at any desired %alue over a wile fron about -30 psi to 500 psi.
range. Therefore, the range of Reynolds numbers AlIi) TuTNlI".-Cal.cvl.ATEI PmIIOIRMAtNCIc. De-
obtainlable is considerably greatel thaui ill aiNy coil scription. In both supersonic tunnels, air from the
tinuouslv operated supersonic tunnel now\ in exist- control \alhe systenl is "duinIped" into a settling
ence. Comparable flexibility at high supersonic chamber, lhiclh ill the case of tile larger tunnel is
Mach inumbers could be obtained onlh ill a large- simpl} a standard two foot pipe with hea\N flanges
scale tunnel requiring it \ erN, large pover suppy, at each end designed for 1,000 psi working pressure.

Al additional plctical ad\antage of tile high Air passes through the screens ill the settling chain-
pressure supply s)stein is the simplification of the br and thence into the test ch,nuntll1, \\hich supports
problem of drying tile air. For small amounts of the two-dimensional (rectangular) comerging-di-
water \apor, the weight-ratio of water \apor to air \erging nozzle and the supersonic diffuser. The air
is approximatel) proportional to tile ratio of the is exhausted to the atmosphere through a subsonic
saturation vapor pressure to the air pressure. The diffuser.
saturation \apor pressure depends onl\ oil the temn- Dinmensions of Test Section. The airfoil and bod
perature, consequently, \\hen the high pressure air of re\ olution Ilow studies mill be conducted ill tle
is cooled down to room temperature and 'tle coil- larger of the two supersonic tunnels. The dimensions
densed water extracted, the weight ratio of the r'e- of the test section ha\ e been selected as 4" x S" for
inaiining water vapor to the air is very small. For Mach numbers greater than 3.0 and 4" x 5" for
example, when air at 8,000 psi is delivered at 70'F. M = 1.50 and M = 2.0. Models up to tlhree inch
(about 21'C.), the weight ratio is approximately chord call be tested at the two lower Mach numbers.
18/ 29 x 1 200 x 1, 42, or one lb. of water vapor Models of fron three to six inch chord can be em-
ill 14,000 lbs. of air. ployed for M > 3. The inclination of the shock

CoNTRoL VALu.'Es. Ill the air supply sstem that wa es to the tunnel axis is considerabl\ smaller at
will be installed at Princeton, (Fig. 1) air at 3,000 the higher Mach numlbers, and the reflections of
psi is stored ill a battery of 48 accumulator bottles
of total capacity about 1,000 cu. ft. The "headers" 60

linking the rows of air bottles are connected to a
common "header" leading into the control-valve
room. This "header" is joined to a large ten inch 40

"header" by fourteen parallel connectio,'s, ill each
of which is installed a two inch reducing-regulator
valve capable of holding the pressure in the large 30 

"header" constant (within narrow limits) at any
desired value fron :300 to 500 psi (absolute) for the
duration of a test run. To obtain lower Reynolds 0 R Shod

numbers, a removable section of the ten inch Plang, 6 Iach

"header" is replaced by a ten inch reducing-regu- 1
lator valve which holds the downstream pressure in 3 Inch

the header at any valve from about 30 psi to 300 psi. R Win 3 Inch

By means of a Y.connection in the ten inch "header," 0.0 0 : 0

air can be delivered to either of the two supersonic .0 2.0 3.0 4.0 5 o 6!0

tunnels. A quick-opening valve (5 seconds) is in- Mach Number

stalled in each arim of the "Y" The entire system Figure 2. Re\ isjlds itinber r.gte it \,rwiis M, 1&i mincrb.



these shock waves from the wind tunnel walls oLcur sonic Mach numbers by increasing the inaximnum
dowvnstrean of the model. settling chamber pressure to 1,000 psi,.and by install-

Reynolds Numnber lan e. In the first phase of the ing a large vacuum tank at the en(d of the subsonic
experimental investigation, the maximum pressure diffuser in order to reduce the minimum settling
in the settling chamber will be M(X) psi, and this chamber pressure.
value of "stagnation pressure, together with the Operating Time. rhe operating time for the

model size, determines the mnaximui attainable "'low-down" systen is determined by the usable
Reynolds nunber at any given Mach number (Fig. capacity of the accumulator bottles, by the size of
2). the test section, and by the pressure in the settling

ihe minimuim Re\olds number at any given chamber. By assuming an isentropie expansion proc-
Mach number is fixed by the mimi mm pressure ess in the air bottles as they are evacuated, an
ratio across the wind tunel at which supersonic adiabatic throttling process through the valves, and
flow can be maintained in the test section at that an iseutmopic expansioni from the settling chamber

Mach number. This minimum pressure ratio ob- to the first "throat," the following expression is ob-
viously depends largely on the efficiency of the tained for the ratio of the pressure in the air bottles
supersonic diffuser. For a conservative estimate, it is to the initial pressure at any time i.
assumed that no supersonic diffuser is employed t3- )
and that a "normal" shock at the test Macl number 2_ ( 2, -lI"\,, /,. 2
occurs at the entrance to the subsonic diffuser. The (+) 1+ 1 -. ] -

curve of minimum pressure ratio vs. Mach nmber 
p+

obtained on the )asis of these assumptions is given where
in Figure 3. and the minimum levnods numbers p. = pressure in the air bottles at time I
bsed on this pressure ratio are plotted in Figure 2. p.. initial pressure in air bottles

x it is found to be desirable, the useful Reynolds 1)= (constant) pressure in settling chamber
number range can le increased at the higher super- A, = throat area (ft.-)

c,,= sonic speed in settling chamber at initial
temperature (ft. isec.)

6.0J V = total volume of air bottles (ft.,)
, = ratio of specific heats (y =  .. O for air)

24.0 u Tank pres.ur. The ratio -0 is plotted against the non-dimnen-
?a a Atmosphric pressure PA.,

. 0,smonal quantity ,. -4 I in Figure -1. Taking ,

equal to :3,200 psi, and the minimum value of 1o
equal to 750 psi, the operating time T for a settling

o chamber pressure of 500 psi is calculated as a fune-
18.0 tion ol Mach number from equation (1) and the te.st

, section dimensions.

12.0 Table 1

Al,(i.) T(sec.)
e.c 1.5 17.00 52

2.0 11.87 75
3.0 7.56 117

4.0 4.5 2.99 297

5.0 1.282 691

0 I I I I

10 2.0 3.0 4.0 5.0 6.0 (At a lower settling chamber pressure than 500 psi,

Witch Number (M) the operating time is increased in inverse propor-

Figure .3. Minimum piessure ratio versus Mach numhwr, lion.)
assuming no supersonic diffuser or friction losses. It is believed that these mininin operating tittes
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are sufficient for anN, optical studies and pressure '.ah~es atllow. tile systeni to reach quasi-steady con-
mncaeiiclinents, if tfie control and quick-opening (hitions in 10-15 sconds.

OPTICAL SYSTEM
DEA S~rrmMIhRC1R.

COLLIMATIN '\S.

ZILOU~tC.

%..

/MC 1
.5

BEAN SPLITrIR - 2

oSPOK~E RUEBM i
Figure S. Four-iicl Mach-Zelinder interferoineter.
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Much of the data from the Princeton wind tunnel will hae a schlieren system with 12" mirrors of
will be obtained by means of optical equipment. 100" focal length, and the small tunnel will have
A 4" Mach-Zelmder interferometer is now being (ie- 8" mirrors of 80" focal length. All work at the be-
signed for use with both the large and small tuvnels. giming will be done with high pressure mercury-
A sketch of the instrument is shown in Figare 5. are light sources similar to 11-6 lamps. The lamps
Tihe specifications on this institument call for a final will he connected for both continuous anl spark
fringe pattern that is straight, parallel, and equi. operation. Work will also be started on spark
distant to within 1 10 of a fringe. The 8" or 10" sources for exposures of less than a micro-second.
interferometer for the large tunnel will be con- In addition to convetitional schlieren tecimi q ues, the
structed when fuids are available. The large tunnel lonchi grating method will also he tried.

SPECIAL PROBLEMS
1. Oxygen Cohdensation. At high supersonic

Mach mmbers the temperature of the Ilowing gas 2"t /
in the test section approaches the condensation point
of oxygen. Since the expansion of the gas from the
settling chamber to the test section is practically 2.4 Saturatton va.or•pressure Of P artial oressureisentropie, time pressure, density, and te8Uperatture oxgen J P 00ten i ta h

• I I ca=anhlon of Mir

of the gas are readily calculated; and the values are ma. c, ai• 1. [ tatr&#:,,on conat-

given in the following table (pressure in settling 2.0 ti of 
p " SoII ib:l~./In &be,

chamber = 500 psi; 7' = 530'11): T S 80O

Table 2

M\ pressure T("11) 10W  X rho
psi (slugs ft. W a

1.5 130.5 365 31.4 I/
2.0 63.9 294 1S.15 I
3.0 13.6 189 6.02 1 .
4.0 3.30 126 2.19 X v 4
5.0 0.945 83 0.952

The saturation vapor pressure of oxygen decreases /
with temperature at a much faster rate than the total ,Trtle point
gas pressure in an isentropic expansion. Conse- 0 i o1

quently the partial omewsulre of oxygen vapor will 40 80 12O 160 20D
•Tenperature, OR

eventually exceed the saturation vapor pressure Fiigure 6. Saturation and partial pressures of o\%gen for
(Fig. 6). However, some dgree of supersaturation critical conditions of exp.msion of air from 500 psi.
is to be expected in a high speed air stream. To settle
this question, a study must be made on the basis of pressure. Since the number of collisions between
kinetic gas theory of the balance between the rate molecules decreases rapidly w-ith absolute tempera-
of formation of condensation nuclei and the rate of ture (collisions proportional to N 1), the maximum
evaporation and the surface tension of the liquid degree of supersaturation increases rapidly with do-
oxygen droplets. Such a study has been carried out crease in temperature.

for water vapor,* and it was found that at a ten- So little information is available concerning the
perature of 472"R the supersaturated vapor does supercooling of oxygen that only the roughest esti-
not condense until the partial pressure of the vapor mate can be given at present. Hlowever, from Fig-
is approximately four times the saturation vapor tre 6 it call be seen that the ratio P,,,K,. 'Peat. is ap-

• Oswatitveh, K., "Kondensationerscieiwtumgen in OIer- preciably greater than unity only very near the
schallandiisen," Z.A.M.M., 22, 1 (19,12), p. 1. "triple point," which occurs at Al = 4.6. It seems on-

Tsien, Ii. S., and cl aryk, J. V., "Condeisatioi Shocks and likely that condensation will occur above the triple
Separation Phenomena in Supersoinie Flows," April 19,16
(Relx)rt submitted to U.S.A.A.F). point; that is, for Il < 4.6. For Mach numbers above



4.6 the 1partial pressure of oxygen in the test section
could be reduced by lowering the initial pressure in 2.2

the settling chamber, and obtaining the required P.0
pressure ratio across tile tunnel with the aid of a "Vn
vacumn tank on the downstream end of the tunnel. Vint

The Reynolds number range can be maintained by 1.6
increasing the chord of the model, which is (uite
feasible at high supersonic Mach numbers. But the
practicality of this plan depends oponl the degree of .,0 -. 2

supercooling of oxygen vapor in the solid-vapor
regime blow the triple point, and careful study of
the literature will be made in an attempt to obtain ,
some information on this question. C,

An obvious alternative plan that will also be
studied in tile future involves preleating tile air. .22
At M = 6.0, for example, it would be necessary to
raise the air temperature in the test section by about .18 _%
250'F. to the value 780011. in order to bring the air 0
temperature in the test .ction above the triple point
for oxygen. .14

2. Physical Properties of Air at Low "lTemmra-
lures. Al initial search of the literature for data on
the physical properties of air at very low tempera- 10 too 300 ,0 *D

tures has been made. The principal result of this Usp,,otr .OR

study is the verification of the fact that very little Figure 7. Variations of specific heats at low temiperatures.
is known about the propi-rties of air at low tempera-
tures. and C, do not vary appreciably in the range of pres.

Pata on the specific heats of air indicate that C, sures and temperatures of interest. (Fig. 7). In

6.0

5. 0

-o r " 
T

4.0

2.0

/ / 5Suther and Formula ,/

-,~~ +. 0/ T',OJ

4,

0

100 200 30 400 500 800 700 800

Temperature, OR

Figure S. Variation of viscosity with lelnper ture.
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calculations of the flow in the supersonic nozzle in approximation it - P-" is also shown. Calculations
this report, a constant value of y, = 1.4 has been used. of Reynolds numl)er have been based on values of

Data on the viscosity of air is incomplete, Lut the viscosity given by the Sutherland formula. The
Sutherland formula is checked down to ver, low decrease of viscosity with temperature helps to in-
temperatures, at least for hydrogen (Fig. 8). The crease the Reynolds numller range.

FUTURE POSSIBILITIES
Because of its capacity and flexibility, the high free air) is sufficient for the operation of a small

pressure air supply system to be installed at Prince- transonic injection-type wind tunnel.
ton can be employed in experimental investigations Combustion aiud Flume Studies. A fundamental
of a large class of fundamental problems in gas problem in the study of pulse jets is the question
dynamics. of flame-front propagation. One method of studying

Hypersonic Flows. It has already been pointed this problem experimentally is to maintain a station-
out that the only modifications necessary to extend ary flame in a moving air stream. To produce an air
the range of the "blow-down" tunnel to hypersonic velocity of 500 ft., 'see. at a delivery pressure of 45 psi
(very high Mach number) flows are (1) preheating (gauge) in a tube six inches in diameter, an air sup'
of the air, and/or (2) the addition of a vacuum ply of 18,000 cu. ft. per minute of "free" air is re-
tank. With the preseiht system, which exhausts to the quired. This requirement is well within the capacity
atmosphere, a Mach number of approximately 7.0 of the high pressure air supply system now being
could be reached at a settling chamber pressure of designed.
1,000 psi, if the air were preheated. It is planned to investigate these possibilities thor-

Transonic Flows. The usable capacity of the high oughly after sc'ne concrete results have been ob.
pressure air supply system (about 125,000 eu. ft. of tained in the study of shock wave boundary layer

interaction at supersonic speeds.

PROGRESS, 21 JANUARY 1947
Design. General layout of the high pressure air ruary, probably from the Ferson Optical Company,

supply system and supersonic tunnels has been com- Biloxi, Mississippi.
pleted. Detailed design of the settling chamber is It is difficult to estimate the time necessary to
also completed and design of the test channel and place the tunnel in operation, but six months may be
diffuser sections is in progress, required before the first principal experimental

The air supply system will be placed in operation study is begun.
by the DraN . Corporation, Philadelphia, Pennsyl- Equipment. Twenty-one of the forty-cight air ae-
vania, who vill provide all necessary valves, fittings, cumulator bottles have arrived in Princeton and nine
piping, after-coolers for the compressors, etc. Dravo others have been shipped. Bills of lading have been
will also fabricate the settling chambers and test received for the two 100 H.P. Worthington com-
channels. An overall bid is expected from this con- pressors, driving motors, and control equipment,
pany in February. and this equipment is expected to arrive shortly.

Optical flats and mirrors will be ordered by Feb-

i-





C
S

40 
4

z 
C

;

00 
w

Z
 

0

S
. 

0

ct 
..

cl 
~f~ 

c

-0 
v 

c
4

.
0 

0h.w
e*

0 
-4>, 

dL
13 

ci

M
C

W
)

cm.~ 
4- 

0
a
W

54 
ZzrtO 

V

U
2

U
..e

 
I5d

C
. 

&
 

04 
.a

4-05454 
L

,4
 

0 
: 

A
> 

g
a 

r

s., 
P

3
Cd 

Cd 
t 

t2



TITLE- A program of fundamental research on  liquid rocket and pulse   jet 
propulsion   (Semi-Annual Progress  Report) 

AUTHORS) :    (Not Known) 
ORIG. AGENCY: Princeton University,  N. J. 
PUBLISHED BY    :    Same for Bureau of Aero,  and Office of Navla Res. 

ABSTRACT: 

Ban II J. CUB COUMIDT 
Jan  '47      Unclass      U.S. English 

MOO 
9 

ATI-    B3-7S1 

oaw. AOENCT nx 
None 

Wash,   D.C". 
luwiBAiiow map s 
-tables,   diagrs,  graphs. 

FU3USHIMO AOENCY KO. 

Sams 

(NOT ABSTRACTED) 

DISTRIBUTION:     Copies of this report obtainable from CABO 
-DIVISION 
SECTION 
DIVISION 
SECTION 

Power Plants, 
General 

Jet  and Turbine  (5) SUBJECT HEADINGS: 
Project Squid 

Contra! Air Documents Omco 
WHfjht-Pmlorcon Air Porco Peso. Dayton, Ohio 

J* hBOUWII ptc M sn 

CADO TECHNICAL INDEX 




